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The inﬂuence of outdoor weathering on the degradation rate of unstabilized bisphenol A polycarbonate
(BPA-PC) ﬁlms is investigated and compared to the results found for indoor accelerated weathering
conditions, using UV and IR spectroscopy. At the same dosage, changes in UV and IR were larger for the
accelerated than for the outdoor weathered samples, this could be explained by the lower degradation
temperature during outdoor exposures. The difference between outdoor and accelerated weathering is
according to the IRmeasurement larger than according to the UVmeasurement. This difference is ascribed
to difference in wavelength distribution between the spectra of the light emitted in the accelerated
test and from the terrestrial sunlight. The larger difference for the IR results than for the UV results suggests
a difference in ratio between photo-Fries rearrangements and photo-oxidation reaction between both
exposures.
 2011 Elsevier Ltd. Open access under the Elsevier OA license.1. Introduction
The degradation chemistry in polycarbonates has been studied
extensively over the past few decades, however, what is happening
under outdoor exposures is still under debate, since most of the
published studies were done under different (often accelerated
indoor) exposure conditions [1e6].
In bisphenol A polycarbonate (BPA-PC), the chemistry underlying
the photodegradation has been ascribed to two different mecha-
nisms: viz. the photo-Fries rearrangement and the photo-oxidation.
The relative importance of these mechanisms depends on the used
irradiation wavelengths [4e6]. The photo-Fries rearrangement
reaction ismore likely to occurwhen lightwithwavelengths shorter
than 300 nm is used, whereas photo-oxidation reactions are more
important when light of longer wavelengths is used.
BPA-PC only absorbs wavelengths shorter than 300 nm [7],
causing that the photolytic photo-Fries rearrangement can only
take place when the polymer is irradiated with these wavelengths.
As a result the photodegradation with longer wavelengths can only
be due to photo-oxidation and in this case the photo-Fries rear-
rangement does not play a role [4]. The wavelengths in terrestrial
sunlight hardly shows intensity in the region BPA-PC absorbs,
although wavelengths below 300 nm can be present. However, theBox 18, 6160 MD Geleen, The
lsevier OA license.intensities at these wavelengths are very limited, although
dependent on latitude, season and time of day. The calculated solar
irradiance for 290 nm is above 10 W/m/nm up to latitudes of 40,
however, no radiation is measured at 290 nm within the precision
of the instruments to measure the UV radiation [8].
In our previous work it was shown that small amounts of photo-
Fries rearrangement products were found by exposing BPA-PC to
wavelengths almost similar to the terrestrial sunlight [9]. However,
at these conditions the photo-oxidation is the most prominent
photodegradation reaction [10].
Over the past decades many studies have been done to ﬁnd
a good correlation between the accelerated and outdoor weath-
ering tests [11,12]. Because of the complex nature of the interaction
of the different parameters of exposures (e.g. (UV) light, irradiation
intensity, humidity, temperature differences, geographic location),
there is no good correlation between accelerated and outdoor
exposures at the moment.
In this study the inﬂuence of outdoor weathering on the degra-
dation rate of unstabilized BPA-PC is investigated and compared to
the results found for indoor accelerated weathering conditions.
2. Experimental
2.1. Materials
The BPA-PC ﬁlms were prepared by dissolving unstabilized BPA-
PC (Lexan 145, Sabic Innovative Plastics) in dichloromethane (20wt
% polymer in DCM). The polymer solution was cast on a glass plate
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Fig. 1. Wavelength spectra of the accelerated (XXLþ) and the solar spectrum measured
in Sanary (South France) in 2001.
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samples had a thickness of approximately 0.02 mm. The ﬁlms were
placed in slide frames to facilitate sample handling. The ageing was
done in duplicate.
2.2. Weathering
2.2.1. Accelerated weathering parameters
For the accelerated weathering tests, the BPA-PC ﬁlms were
exposed to simulated outdoor weathering parameters in an
Atlas Suntest XXLþ containing xenon lamps ﬁltered by daylight
ﬁlters with a wavelength range starting from 298 nm, see Fig. 1
The chamber and black standard temperature were 40 and 60 C
respectively and the relative humidity was 50%. The irradiance
level was approximately 0.49 W/m2/nm at l ¼ 340 nm, which
corresponds to an hourly UV dosage between 300 and 400 nm of
approximately 0.23 MJ/m2.
2.2.2. Outdoor weathering parameters
The outdoor exposures were done according to ASTM G7-05.
The samples were unbacked exposed 45 facing south at the Atlas
Sanary sur Mer Test Service Site (France). Thewavelength spectrum
of the terrestrial light at this testing site was measured in 2001.
The results are shown in Fig. 1. The outdoor exposure tests took
place fromMay 2007 to July 2008. Samples were taken at different
time intervals, see Table 1. The average maximum temperature
and the average maximum black standard temperature in 2007
were 22 C and 40 C [13]. One year of outdoor exposure in Sanary
sur Mer corresponds to a UV dosage between 300 and 400 nm of
approximately 340 MJ/m2[13].
2.3. Characterization techniques
UVeVis spectra were recorded on a Shimadzu UV-3102PC UV-
Vis-NIR scanning spectrophotometer. The absorbance at 600 nm
was set to 0 for all recorded spectra. Infrared spectra were recorded
using a BioRad FTS 6000 spectrometer in the attenuated totalTable 1
Total UV dosage (MJ/m2(300e400 nm); 45 S) at Sanary sur Mer at the used interval
times in the exposure periods May 2007 to July 2008 [13].
Exposure time in months 0 2 4 6 14
Total dose [MJ/m2] 0 78 173 224 423reﬂection (ATR) mode for 200 scans at a resolution of 4 cm1. The
BioRad Merlin software was used to analyse the spectra.
3. Comparison of accelerated and outdoor exposure tests
As the intensity in the accelerated test is much higher than in
the outdoor ageing, to compare the accelerated and the outdoor
ageing, the radiant exposure dosage (between 300 and 400 nm)
is used instead of the exposure time. UV absorption spectra were
recorded for the accelerated and outdoor degraded BPA-PC ﬁlms.
The UV absorption spectra for the accelerated experiments
show increased absorptionwith irradiation times [14]. The outdoor
weathered samples show similar behavior; with increasing irradi-
ation time, the absorption below 400 nm is increasing.
In Fig. 2a, the UV absorption at 320 nm is shown for different
exposure dosages. The increased absorption at 320 nm, is attrib-
uted to the formation of oxidation products. However, in literature
it is also ascribed to the formation of phenylsalicylate moieties [3],
which are typical photo-Fries rearrangement products. Fig. 2a
shows that the absorption at 320 nm is increasing faster for the
same dosage for the BPA-PC ﬁlms irradiated in the XXLþ than for
the outdoor exposed samples.
To determine the relation between outdoor and accelerated
weathering, the UV absorption data for the outdoor exposed samples
were visually superimposed on the data for the accelerated tests,
by multiplying the exposure axis of the outdoor exposition with
a shift factor. A shift factor of 0.67 gave the best results, see Fig. 2b.
From these results itwas calculated that the increasedUV absorbance
at 320 nmof 1 year exposure (341MJ/m2) [13] in Sanary, corresponds
to approximately 230 MJ/m2 irradiation in the suntest XXLþ, which
corresponds to 980 h irradiation in the used accelerated conditions.
The chemical changes due to photo-oxidation were followed
by infrared in the ATR mode. For both accelerated and outdoor
weathered samples an increased absorption at 1713 cm1 was
found with increasing irradiation dosage, see Fig. 3a. This absorp-
tion band at 1713 cm1 is ascribed to aliphatic acids which are
typical photo-oxidation products[5].
The absorption increases with dosage for both exposure series;
as the irradiation dosage increases, the absorption at 1713 cm1
increases. As was done for the UV data, the IR absorption data for
the outdoor exposed samples were visually superimposed on the
data for the accelerated test, by multiplying the dosage axis with
a shift factor. In this case a shift factor of 0.43 gave the best ﬁt,
see Fig. 3b. From these results it was calculated that the increased
IR-absorbance at 1713 cm1 after 1 year exposure in Sanary (with
an annual dosage of 340 MJ/m2), corresponds to approximately
630 h irradiation in the Suntest XXLþ.
In our previous work, a linear relation was found between the
scaling factors, derived from UV and IR absorption, and changes in
irradiation intensity [14]. Therefore it was expected that at the
same dosage in the accelerated and in the outdoor weathering test
a comparable amount of degradation would be found. However, in
this study, the scaling factors found for UV absorption (0.67) and
IR absorption (0.43) are below 1. This means degradation in
outdoor weathering takes longer than our expectations based on
the reprocity lay found for the suntest XXL.14 A possible explanation
for this increased effect is the difference in degradation tempera-
ture. During the outdoor exposure, the temperature of the samples
is lower than the temperature in the suntest XXLþ.
The inﬂuence of temperature on the degradation rate can be
calculated with the following formula [15].
k2
k1
¼ exp

EaðT2  T1Þ
RðT2  T1Þ

(1)
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Fig. 2. a) UV absorption at 320 nm of accelerated (XXLþ) and outdoor (Sanary) exposed BPA-PC ﬁlms, and b) UV absorption at 320 nm from Sanary replotted by multiplying the
exposure times with a scaling factor ¼ 0.67 to overlay the data of XXLþ.
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and T2 respectively, R is the gas constant, and Ea is the activation
energy. For BPA-PC an activation energy of 21 kJ/mol was reported
[15]. When for the outdoor ageing temperature the daily average
maximum ambient temperature (22 C) in Sanary, and for the
accelerated degradation the chamber temperature (40 C) is taken,
according to Eq. (1) the degradation rate during outdoor weath-
ering is 0.61 times the rate for accelerated ageing for the same
UV dose. This corresponds well to the scaling factor found for
the UV absorption, suggesting that the lower than expected
outdoor degradation rate is indeed due to the difference in degra-
dation temperatures. However, the scaling factor found for the IR
absorption measurement is much lower and cannot be explained
with the reported activation energy [15]. This suggests that
the ratio of the mechanisms of degradation in the accelerated and
outdoor ageing is different.
If the IR absorption at 1713 cm1 is plotted against the UV
absorption at 320 nm, different relations are found for the accel-
erated and outdoor tests, see Fig. 4. The results from the Suntest CPS,
which were discussed in our previous work [9], are also included in
this ﬁgure. It can be observed that slopes in Fig. 4 depend on the
weathering tests.
By irradiating the unstabilized BPA-PC ﬁlms in the Suntest
CPS, the ratio between the UV absorption at 320 nm and the IR
absorption at 1713 cm1 was higher than for ageing in the XXLþ [9].
This was ascribed to the presence of shorter wavelengths in the CPS
leading to more photo-Fries rearrangement reactions.0 50 100 150 200 250 
0.0
0.2
0.4
0.6
0.8
1.0
1.2
mc
 3171
 t
a
 
ec
n
abr
osb
a
 
RI
1
-
Exposure [MJ/m2]
 Sanary
 XXL+
a
Fig. 3. a) IR absorption at 1713 cm1 of indoor (XXLþ) and outdoor (Sanary) exposed BPA-
exposure times with a scaling factor ¼ 0.43 to overlay the data of XXLþ.It was also shown that the formation of these photo-Fries
moieties does not affect the oxidation rate [9]. In Fig. 4, the data for
the CPS show the largest ratio between the UV absorption at 320 nm
an the IR absorption at 1713 cm1, followed by the outdoor exposed
samples, and the samples exposed in the XXLþ. This result suggests
that for the XXLþ the formation of photo-Fries moieties is smaller
than for outdoor exposures. This means that the mechanism of
the photodegradation is different in the XXLþ compared to outdoor
exposures. The most likely explanation for this effect is the differ-
ence in irradiation spectra. The shortest irradiation wavelengths
of the XXLþ is about 298 nm. During the accelerated exposure,
the wavelength spectra do not vary during the irradiation times.
However, the wavelength distribution in the terrestrial sunlight
varies throughout the year. The distribution depends on latitude,
season, and time of day. Therefore it is possible that wavelengths
shorter than 295 nmwere irradiating the sample during the outdoor
exposure [8]. Although the intensity for these low wavelengths is
very limited, because of their high energy, this could already result
in an increased formation of photo-Fries products.
It was observed that the outdoor weathered samples after an
outdoor dosage of 224 MJ/m2 became very brittle. Samples with
longer outdoor exposure times could not be measured with the
analysis methods since the samples were already broken or were
too brittle to measure the UV, and FT-IR spectra. The reason for this
brittleness has not been investigated, however, weathering param-
eters such as stresses due to varying temperatures, (acid) rain cannot
be excluded [11,16]0 50 100 150 200 
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PC ﬁlms, and b) IR absorption at 1713 cm1 from Sanary replotted by multiplying the
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Fig. 4. IR absorption at 1713 cm1 plotted against UV absorption at 320 nm for BPA-PC
ﬁlms exposed to indoor (XXLþ and CPS)) and outdoor (Sanary) exposures. The lines
serve as guides to the eye.
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Correlations of the accelerated weathering tests and outdoor
exposures are not trivial. By comparing the exposure dosages of the
different weathering techniques, scaling factors were derived for
correlating the UV absorption and the IR absorption. The difference
between the scaling factor for the accelerated and outdoor tests
could be explained by the lower degradation temperature during
outdoor exposure. It was found that 1 year of outdoor exposure in
Sanary, corresponds to 980 h irradiation in the suntest XXLþ for
correlating the UV absorption at 320 nm. In addition, for correlating
the IR-absorbance at 1713 cm1, 1 year outdoor corresponds
to 630 h in the suntest XXLþ. These derived scaling factors do not
coincide with each other, suggesting that the ratio between the
photo-oxidation and the photo-Fries rearrangement is different.
For the same oxidation level (carbonyl at 1713 cm1) relative more
photo-Fries rearrangement products (UV absorbance at 320 nm)
are formed when the samples were irradiated by the terrestrial
sunlight. Due to the presence of shorter irradiation wavelengths,
which can be present in the terrestrial sunlight, the formation of
photo-Fries products was promoted, however the presence of thesephoto-Fries rearrangement did not result in an increased photo-
oxidation rate.
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